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(71) We, MATSUSHITA ELECTRIC 
INDUSTRIAL COMPANY LIMITED, a 
Japanese company of 1006 Oaza Kadoma, 
Kadoma-shi, Osaka-fu, Japan, do hereby 

5 declare the invention^ for which we pray that 
a patent may be granted to us, and the 
method by which it is to be performed to be 
particularly described in and by the follow- 
ing statement: — 

10 This invention relates to rotating electric 
machines. 

In accordance with one aspect of the 
invention there is provided a rotating electric 
machine comprising a rotor having a per- 

15 manent magnet with a plurality of poles 
there-around, a stator core made of magnetic 
material and having a plurality of salient 
poles there-around, and a plurality of stator 
coils one being wound on each of said salient 

20 poles and which are connected to each other 
so as to form a stator winding having a 
plurality of phases, the number of salient poles 
being a multiple of the number of phases and 
less than the nimiber of permanent magnet 

25 poles. 

Other features and advantages of the inven- 
tion will appear from the following descrip- 
tion of an embodiment thereof, given by way 
of example, and the accompanying drawings, 
30 in which: — 

Figure 1 is a schematic view of a three- 
phase twenty-pole type DC motor having an 
arrangement of stator salient poles and rotor 
permanent magnet poles in accordance with 
35 one preferred embodiment of the invention; 
Figure 2 shows a circuit diagram of an 
arrangement for producing a control signal to 
regulate the speed of a rotating electric 
machine such as that of Figure 1, and 
40 Figure 3 is a graph indicating the waveform 
of the control signal obtained by the circuit 
of Figure 2 when used with the motor shown 
in Figure 1. 

Before proceeding with the description of 



this example of an embodiment of the inven- 45 
tion, it is to be observed that a multipole 
structure is indispensable for a rotating elec- 
tric machine which is to operate at low speed. 
This type of machine presents difficulties in 
manufacture; the multipole permanent mag- 50 
net of the rotor can be made without undue 
difficulty but the stator and its windings are 
complicated. 

A conventional multipole stator has a 
magnetic member formed with a plurality of 55 
teedi, or pole members, and slots. As the 
number of poles increases, the slots become 
narrower in width, increasing the difficulty of 
winding the stator coils directly and rapidly 
on the pole members. 60 

In lap winding also, the number of stator 
slots is a multiple of the number of poles of 
the rotor magnet All slots are occupied by 
stator coils and many stator coils are required. 
The coils axe usually pre-wound and are 65 
inserted into spaced slots so that the stator 
coils must necessarily be loose in the slots. 
Those portions of the stator coils which are 
in the slots contribute to the production of 
torque or electromotive force, but those por- 70 
tions of windings not within the slots do not 
contribute. These coil ends are relatively 
large in lap windings, since each coil extends 
over several slots. This increases copper 
losses, but iron losses are also increased, due 75 
to hysteresis and eddy currents due to the 
need to use narrow sections of magnetic 
material, with consequem high magnetic flux 
density. 

In particular, however, vibration may occur 80 
due to the cogging force arising from the 
interaction between the stator core and the 
rotor magnet. The cogging force can be 
reduced by using a stator with skewed slots 
but such a stator h more difficult to wind. 85 

The embodiment of the invention to be 
described affords a good compromise between 
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the conflicting requirements of peifonnance 
and ease of manufacture. 

Referring to Figure 1, there is shown the 
magnetic arrangement of a motor compris- 
5 mg a rotor yoke 10 carrying an annular per- 
manent magnet 11 and a stator 12. The mag- 
net is disposed around the inner periphery of 
the yoke, facing the stator, and is mag- 
netised to present ten magnetic pole pairs, 
uiat IS, twenty magnet poles. They are 
designated hereinafter as Ni,jj and Si,.], 
where i=l, 2, 3, 4 or 5 and j=l or 2; N 
means a north pole and S a south pole. The 
stator core 12 has fifteen salient poles y., 
and 2, where i=l, 2, 3, 4, 5. The top part of 
eacli salient pole, facing the rotor permanent 
magnet, is wider than the root portion, to 
accommodate die stator coil. This facilitates 
the winding of tlie stator and the stator offers 
a low reluaance for the magnetic flux from 
the rotor permanent magnet On the lower 
part of the stator poles, stator coils X„ Y, 
and Zi where i=l, 2, 3, 4 or 5 are wound. 
A stator wmdiug consists of three stator phase 
windings X, Y and Z. As sliown in Figure 1, 
the stator phase wmdings X, Y and Z include 
five stator coils pertaimng to the same phase, 
Xi where i=l, 2, 3, 4 and 5; Yi where i=l, 
2, 3, 4 and 5, and Zi where also i—l^ 2, 3, 4 
and 5. Each of the stator coil groups X,, Yj 
and Zi is suitably connected to form a stator 
phase winding; the phase windings are spaced 
from each other by one hundred and twenty 
elearical degrees. 
^ ^ A cogging force will be generated by an 
mteraction between the rotor permanent mag- 
net and the core of the stator, made of 
magnetic material such as kon, even if the 
jator core is not energized by applied current. 
The permanent magnet of the rotor has a 
plurality of magnetic poles, each of which 
exerts an attractive force on the stator core. 
The nature of the force between the stator and 
the rotor is influenced by the shape of the 
-5 stator core and the distribudon of the mag- 
netic chai:ge in the rotor permanent magnet. 
Mathematically the cogging force is analysed 
by tlie convolution of ie stator shape func- 
tion defined by the shape of the stator core 
50 and the rotor magnetic distribution function 
related to the magnetic charge of the rotor 
permanent magnet. For example, in a rotat- 
ing electric machine in which the stator core 
has sixty slots and the rotor permanent 
55 magnet has twenty poles,, the stator shape 
function is represented by a periodic function 
with a fundamental period of sijrty cycles per 
revolution, and the rotor magnetic distribution 
"mction is represented by a periodic function 
ou witli a fimdamental period of twenty cycles 
per revolution. Such a stator shape function 
expanded in Fourier series can be shown to 
have a fundamental component with a fre- 
quency of sixty cycles per revolution, and its 
05 harmonic components, and the rotor magnetic 



distribution function can be similarly shown 
to have a fundamental component with a 
period of twenty cycles per revolution, and 
Its harmonic components. According to the 
properties of an orthogonal function, tlie con- 70 
volution of the two functions is a linear com- 
bmation of sine wave components which have 
frequendes which are common multiples of 
the frequencies of the components of the two 
funcuons. Hence, the cogging force is repre- 75 
sented by a fundamental component with a 
frequency of sixty cycles per revolution and 
Its harmonic components. The fundamental 
component of the cogging force is a sine wave 
with a frequency of sixty cycles. The ampli- 80 
tude of the fundamental component of the 
coggmg force is related to the product of the 
atnplimdes of the fundamental component of 
the stator shape function and the third 
harmonic component of the rotor magnetic 85 
distnbuuon function. The number sixty 
corresponds to the fundamental period of the 
stator shape function, and the third harmonic 
component of tiie rotor magnetic distribution 
function, which has a frequency of sixty 90 
cycles, is inevitable because the intensity of 
magnetisation of a permanent magnet can- 
not be controlled precisely. The amplitude of 
the fundamental component in the cogging 
force, which is the sixty cycle sine wave, 95 
becomes large. As a result, an unduly large 
coggmg force is generated sixty rimes per 
revolution of the rotor. 

With a combination of a stator core with 
fifteen salient poles and a rotor pennanent 100 
magnet with twenty poles, such as shown in 
l^Jgure 1, the stator shape function consists 
or a fundamental component with a period of 
fifteen cycles per revolution and its harmonic 
components, and the rotor magnetic distribu- 105 
tion function consists of a fundamental com- 
ponent with a period of twenty cycles per 
revolution and its harmom'c components. The 
common multples of the frequencies of the 
components of the two functions are sixty and 110 
its multiples, and the fundamental component 
of the coggmg force has a period correspond- 
ing to sixty cycles per revolution, but the 
amplitude of the fundamental component of 
the coggmg force is die multiple of the 115 
amplitudes of the fourth harmonic component 
of the stator shape funaion and the third 
harmonic component of the rotor magnetic 
distribution function. The fundamental com- 
ponent of sixty cycles in the cogging force is 120 
not related to the fundamental component of 
fifteen cycles of the stator shape function. 
1 he fundamental cogging force is not due 
to the fundamental component of the stator 
shape function, since tiie number of the stator 125 
sabent poles is less than that of the rotor 
permanent magnet poles. Consequently, such 
a rotating electric machine generates a 
smaller cogging force, and rotates more 
smoothly than pnor art machines. Because it 130 
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can be made largely free from wow and 
llutterj it is especially suitable for use in 
audio equipment. 
As the stator can be made with few stator 

5 salient poles, the spacing between adjacent 
poles can be made relatively wide; the num- 
ber of the stator coils is also less^ and the 
coils can be wound directly on each of the 
poles. If the width of the inner or lower part 

10 of the stator pole, on which the coil is wound^ 
can be narrower than the outer or top part of 
the pole without magnetic saturation, the 
length of the coil ends which are ponions of 
the stator coils not within the slots and which 

15 do not contribute to the revolving torque 
decrease^ and this results in lower copper loss. 
Further^ iron losses are also decreased, as 
the stator has a small number of poles so 
that each poles does ot have to be especially 

20 narrow. 

The explanation of cogging force applies 
to the condition when the rotor magnetic dis- 
tribution function does not include harmonic 
components of frequency less than twenty 

25 cycles per revolution. But, in practice, the 
rotor magnet has a variation of magnetisation 
p.round its poles. In this case the rotor mag- 
netic distribution function may include a 
component with a frequency of one cycle per 

30 revolution, and its harmonics. As the stator 
shape function has a component of fifteen 
cycles per revolution, and its harmonics, the 
convolution of the stator shape function and 
the rotor magnetic distribution function may 

35 include components witli three periods of 
fifteen cycles, thirty cycles and forty-five 
cycles per revolution. The component of 
fifteen cycles per revolution is due to the 
fundamental component of the stator shape 

40 function in the stator core having fifteen 
salient poles. The part of the stator pole 
which faces the rotor magnet can be wide, so 
lonjj as the stator coil can be woimd without 
difficulty. A wide top part of the stator pole 

45 decreases the amplitude of the fundamental 
component of the stator shape function and 
the cogging force component of fifteen cycles 
per revolution is reduced. The components 
of thirty and forty-five cycles per revolution 

50 arc the higher harmonic components and are 
due to the harmonic components, higher than 
fifteen cycles per revolution, in tSc stator 
shape function. 
Referring again to Figure 1, the reference 

55 numeral 13 indicates the centTC, and 14 and 
15 the edges of the periphery of the stator 
pole Z-. The gap between each edge, 14 and 
15, of each stator pole and the adjacent per- 
manent magnet is made greater than at the 

60 centre 13. With this arrangement the ampli- 
tudes of the higher harmonic components in 
the stator shape function are reduced, and 
the cogging force is correspondingly reduced. 
When current flows in a stator phase wind- 

65 ing of Figure 1, the stator coils pertaining to 



that phase winding interact widi the magnetic 
flux from that portion of the rotor magnet 
facing the stator coils. If there is a magnetic 
unbalance or non-imiforrait}^ in a plurality of 
the rotor magnet poles, the magnetic flux 70 
which is gathered in each of the stator coils 
has an imbalance corresponding to the im- 
balance among the rotor magnet poles, but 
the magnetic unbalance of the magnetic flux 
in the stator phase winding is reduced, due 75 
to the fact that the stator phase winding con- 
sists of five stator coils. The effect of the 
magnetic unbalance of the rotor magnet poles 
on the motor revolution is accordingly 
reduced. In Figure 1, the stator coils belong- 80 
ing to one stator phase winding are arrang^ 
at a imiform pitdi around the periphery of 
the stator core; the total magnetic flux in one 
stator phase winding at a particular instant is 
the same as that sdFter the rotor has rotated 85 
mechanically by 360°/5, i.e. or electrically 
2X360', if all the stator poles are considered 
magnetically equivalent and the ntmiber of 
turns of the stator coils is tlie same. In other 
v/ords, the stator phase winding X including 90 
stator coils Xi acts with the rotor magnet 
poles Ni(i), and after the rotor has rotated 
through 360^/5, the stator phase winding X 
again aas with the rotor magnet poles Nid). 
The pitch of two magncdc pole pairs (Nkd, 95 
Sin,), or (Ni(c„ Sifi,) of the rotor magnet 
corresponds to the angular pitch of the stator 
salient poles pertaining to the same stator 
phase, such as the angular pitch between Xj 
and Xi+i. While the rotor rotates mechanically 100 
through 360^/5, the stator phase winding is 
traversed by the two rotor permanent magnet 
pole pairs, that is, four magnetic poles; the 
stator phase winding alternately interacts 
with two pole pair groups only of the rotor 105 
permanent magnet, as the motor rotates. In 
the above, the rotor permanent magnet is 
described as having pole pairs (Ni,j,, Si^j,) 
where j=l and 2, for easy description, but 
it is to be noted that the complete rotor per- 110 
manent magnet can be considered to be 
divided into two groups or 'states' and the 
stator phase windings interact alternately 
with members of these two groups only. The 
number of such groups of the rotor magnet 115 
will be referred to hereinafter as the niunber 
of 'states'. For example, in the example 
above, the motor has two states. The 
fluctuations of generated torque decrease as 
the number of states is decreased. 120 

In Figure 2, a reference numeral is indi- 
cated diagrammatically at 16 for the motor 
shovra in Figure 1. One terminal of each of 
the stator phase windings X, Y and Z is con- 
nected together to one power supply terminal 125 
17. The other terminal of each stator phase 
windings X, Y and Z is connected to a point 
18 through switching means 19, 20 and 21, 
respectively. Two resistors 22 and 23 of 
resistance n and r. are connected in series 130 
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across the terminals 17 and 24 of the power 
supply, of polarity as indicated. A resistor 
/ij ot resistance la, is connected between the 
pomt 18 and power supply terminal 24. 
5 Ihe switching means 19, 20 and 21 are 
ananged to operate selectively, in accordance 
with the position of the pole pairs of the 
rotor permanent magnet relative to the stator 
phase windings X, Y and Z, thereby to supply 
10 current to windings X, Y and Z in turn, caus- 
ing the rotor to rotate. A counter electro- 
motive force (CEMF) is thereupon induced 
m said stator winding. A potential difference 
ei is developed betwem the point 18 and the 
15 junction point 29 of resistors 22 and 23; this 
voltage will be proportional to the CEMF if 
the condition (r^/r^)=(i,/T^) exists, where 
is the resistance of each stator phase winding 
of the motor 16. Since the CEMF is pro- 
20 portional to the speed of the motor, the volt- 
age ej can be used as a speed control signal. 

Tlic second terminals of die stator phase 
wndings are also connected respectively to 
the^odes of diodes 30, 31 and 32, the 
^ cathodes of these diodes being connected 
together at point 33. 

A voltage Cj developed between the point 
33 and point 34, which is the point of 
common connection of windings X, Y and 
30 Z, TOll be the CEMF after rectification bv 
tile diodes 30, 31 and 32. This voltege i 
does not include any component due to the 
currents flowing in the stator windings 
through the switches 19, 20 and 21, since tfa^ 
currmts are excluded from terminal 33 by 
the diodes. The voltage Cj is therefore pro- 
pomonal to the motor speed, and it can also 
be used for controlling the motor. 

An « ^^f' ^- ^JP^ responsive means is 

40 provided, as m Figure 2, the signal it pro- 
vides can be compared with a reference dmial 
and the difference signal, after amplification, 
can be used to control the motor, to cause it 

« run at a substantially constant speed. 

45 The reference signal can be a D.C. signal: 
m which case the difference signal may include 
any npple component present in the output 
signal from the speed detecting means. Such 

50 pSle""^""""' ^ 

Figure 3 shows the voltages e, and e.: it 
toU be seen that tihe voltages are induced 
alternately m only two states. If one of these 

55 I '° ^ controlling mor 

& ^r°' '"PP""^ the^ stator 
wmdmg depends on the voltages e, or e. 
because the difference signal, after amphfica-" 
tion, commands said cunent. The rotor wiU 

60 S ^ °f ^ 

»J^^^°F °{ *^',=««nt stator salient poles 
assoaated with only one stator coa of the 
re^ve stator winding phases can be con- 
adered a stator element In the case of the 
65 motor shown in F^ure 1, a stator elonSt 
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will tiius consist of three stator salient poles, 
faang two pole pairs of tiie rotor permanent 
magnet 

If a stator element faces p pole pairs of 
aie rotor permanent magnet, the magnetic 70 
flux in each stator wmding has p states. As the 
number of states has a direct hearing on wow 
and flutter, die number of states should be 
as low as possible. In a five phase rotatins 
electric machine, die stator element will have 75 
five stator salient poles, and must face two 
pole paire, tiiat is, four poles, of the rotor 
magnet if two states are to be obtained. How- 
ever this combination is not satisfaaory, and 
IS not in accordance witii the invention, 80 
because die number of die stator pol-s is 
preater than die number of rotor poles 
Accordmgly, the stator element is arranged to 
fece tiiree pole pairs, diat is, six poles, of die 

S*"^' i.^"*^. ^ states. 85 

Cjenerally, if die stator winding has (2n+ll 
phases where n is an integer, tiien it is 
adequate if die number of permanent magnet 
poles to the number of stator poles is in die 
ratio of (2n+2)/(2n+l) and die numter of 90 
states IS (n+1). If die stator winding has 
(2n) phases, die ratio of permanent magnet 
poles to stator poles should be (n + l)/a and 
die number of states is (n+1). A machine 
which has only two states must have rotor 95 
poJes and stator poles in a ratio of 4/3 for 
diree phase winding or 4/2 for two phase 
wmding. A two phase machine is however 
non self starting when used as a DC motor 
because die number of die rotor poles is an 100 
integral multiple of the number of statBr 
poles, so diat die tiiree phase machine is to be 
prrferred. When an elearonic commutator is 
used, die less the number of phases, die less 
tne number of electronic components in die 105 
driving circmts, so that die tiiree phase 
machine is desirable for diis reason also 

yanous modifications may be made to die 
embodunems described. For instance, die 

t^rl'^^-'''" u""^'^^ ^ AC current 110 
and tiie machme can be operated as a multi- 
pole ts-pe synchronous motor running at a low 
synchronous speed. * 



WHAT WE CLAIM IS: — 

1. A rotating electric machine comprisine 115 
a rotor havmg a permanent magnet witii a 
plurahty of poles dierearound, a%tatoTSrt 
made of magnetic material and havine a 
plurality of salient poles diere-around, and 

nected to each other so as to form a stator 
wmdmg having a pluraUty of phasesLtibe 
munber of salient poles being a multijle of 
Ae number of phases and less tiian die num- 125 
oer of permanent magnet poles. 

2. A rotating electric machine in accor- 
gnce with claim 1, wherein said stator has 
(2n+l) phasesi and the ratio of die number 
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of poles of the rotor to that of the stator 
poles is (2n+2)/(2n+l). 

3. A rotating electric machine in accor- 
dance with claim 1, wherein said stator has 

5 2n phases, and the ratio of the number of 
rotor poles to that of stator poles is 
(n+IVn. 

4. A rotating electric machine in accor- 
dance with claim 2, wherein the stator wind- 

10 ing has 3 phases, and the ratio of the num- 
ber of rotor poles to the number of stator 
poles is 4/3. 

5. A rotating electric machine in accor- 
dance with any of the preceding claims, 

15 wherein the radial gap between each stator 
pole and the rotor poles varies at different 
angular positions. 

6. A rotating electric machine in accor- 
dance with claim 5 wherein said gap is smaller 

20 at the centre of the stator pole than at both 
edges of said pole. 

7. An electronic commutator D.C. motor 
comprising a rotor having a permanent mag- 
net presenting p poles; a stator core having 

25 q salient poles, the ratio of p to q being 4/3; 
q stator coils^ each of which is wound on a 
respective one of said salient poles, said coils 
being connected to form a stator three phase 



winding; speed responsive means responsive 
to the speed of said rotor; reference signal 30 
means and comparison means for comparing 
a signal from said responsive means with a 
reference signal; and means controlled by 
the output of said comparison means for con- 
trolling the energisation of said motor. 35 

8. An electronic commutator D.C. motor 
in accordance with claim 7, wherein said 
speed responsive means includes means for 
deriving a voltage which is the counter- 
ejni. developed by rotation of said rotor, 40 
and said voltage is applied to said com- 
parison means. 

9. A rotating electric machine substantially 
as described with reference to the accompany- 
ing drawing. 45 

10. A rotating electric machine and electric 
control means therefor substantially as des- 
cribed with reference to the accompanying 
drawing. 

A. A. THORNTON & CO., 
Chartered Patent Agents, 
Northimiberland House, 
303/306 High Holbom, 
London, W.C.I. 



Printed for Her Majesty's Stationery Office, by the Courier Press, Leaniiiigtou Spa, 1974. 
Published by Tlie Patent Office, 25 Southampton Buildings, London, WCiiA lAV, from 
which copies may be obtained. 



y. <GB 13M144A_L> 



1354144 COMPLETE SPECIFICATION 

2 SHEETS drawing Is a nproiuction of 

the Original on a reduced scale 

Sheet 1 



Y 




i 
j 



BNSDOCID:<QB 135414M I > 



0 



^ 1354144 COMPLETE SPECIFICATION 

.-ere This irawing \s a reproduction of 
2 SHEcTS Original on a reduced scale 

Sheet 2 




1 



THIS PAGE BLANK (usfto) 



